INTRODUCTION
The evaluation and management of children with profound hearing loss (HL) and associated inner ear developmental malformations present a significant challenge to even the most experienced clinician. In fact, until recently, many cochlear implant centers deferred implantation in these children because of uncertainty regarding surgical feasibility and performance expectations. Many reports have focused on the surgical details of implanting the malformed inner ear, with little attention being given to the audiologic outcomes. [1] [2] [3] [4] [5] [6] [7] [8] [9] Others that include audiologic information have been largely descriptive, with only few giving hard data 10 -15 or specific speech perception results. 16 -22 Moreover, the relative rarity of the various inner ear malformations has precluded a large accumulation of patients at one center; thus, little is truly known about the differences among the specific types of inner ear malformations. The purpose of the current study was to detail the experience of a single, large pediatric cochlear implant center with an emphasis on reporting objective outcome measures on the various types of inner ear malformations.
MATERIALS AND METHODS
This study is part of an ongoing, retrospective case review of 315 children with cochlear implants in the W. Paul Biggers, MD, Carolina Children's Communication Disorders Program (CCCDP), Department of Otolaryngology-Head and Neck Surgery, at the University of North Carolina at Chapel Hill (UNC-CH). This study was approved by the institutional review board at UNC-CH.
Between 1994 and 2002, 28 (8.8%) children with radiographically documented inner ear malformations received cochlear implants at UNC-CH. Before implantation, all children had documented severe to profound or profound sensorineural HL and failed an appropriate hearing-aid trial. Most children participated in an intensive auditory-based therapy program. Preoperative imaging, intraoperative findings, postoperative complications, and performance were reviewed.
High-resolution computed tomography (HRCT) scans were reviewed for each patient by at least two experienced observers. The findings were categorized as shown in Table I , with examples illustrated in Figure 1 . Mondini's malformation was defined as per the original description: incompletely partitioned (IP) cochlea (i.e., dysplasia) with fusion of the apical turns, dilated vestibule, and enlarged vestibular aqueduct (EVA). 23 For the purposes of this article, this is referred to as the constellation of IP, EVA, and a dilated vestibule. Common cavity (CC) was defined as no internal differentiation into either a vestibular or cochlear bud. EVA was measured at the midportion of the posterior semicircular canal (SCC) and considered abnormal if greater than 2 mm in 24 Cochlear hypoplasia (CH) was considered present if the cochlear length appeared short, whereas IP was considered present if there appeared to be fusion of the middle and apical turns of the cochlea or a lack of complete modiolar penetration (normal length). Vestibular labyrinthine abnormalities included partial SCC aplasia and total SCC aplasia.
Operative reports were reviewed for surgical findings regarding the facial nerve location, the presence of a cerebrospinal fluid (CSF) leak, and other intraoperative complications. Postoperative complications and programming issues were also sought and recorded. Speech perception testing is routine for all patients receiving implants at the CCCDP. Tests are administered in a standardized format and results recorded in a database. In general, the specific test administered is determined by patient age and expected performance ability. Thus, ceiling effects are avoided by the testing paradigm. For the purposes of this study, two primary measures were reported that span the spectrum of speech perception testing. The Early Speech Perception (ESP) test assessed closed-set monosyllabic word ability. The Phonetically Based Kindergarten (PBK) test assessed open-set monosyllabic word ability. IP ϭ incomplete partition of cochlea (i.e., cochlear dysplasia); EVA ϭ enlarged vestibular aqueduct; CC ϭ common cavity; LV ϭ large vestibule; CH ϭ cochlear hypoplasia; CVH ϭ cochleovestibular hypoplasia; CHARGE ϭ cobloma of the eye, heart defects, atresia of the chonae, renal anomalies, genital hypoplasia, ear anomalies; ESP ϭ Early Speech Perception test (closed-set monosyllabic word ability); PBK ϭ Phonetically Based Kindergarten test (open-set monosyllabic word ability).
Data were extracted from the database and reported as a scale score from 0 to 100. Results were tabulated by age at implantation, duration of implant use, and the type of inner ear malformation. Complications and facial nerve findings were included. Group means were not calculated because of differences in both duration of use of implants and age at implantation among the small groups of patients.
RESULTS

Patient Characteristics
Twenty-eight (8.8% of total) pediatric cochlear implant patients with inner ear malformations shown on HRCT were identified. Age of implantation ranged from 17 to 212 months (17 years, 8 months) with a mean age of 66 months (5 years, 6 months). Seventeen (61%) of 28 patients had at least 1 year of implant use, with a mean duration of 29 (range 3-86) months.
The etiology of HL was varied. Twenty-three (82%) of 28 children had nonsyndromic, sensorineural HL. Communication mode in 12 children was an auditory-only approach, 5 used cued speech, 8 used total communication, and 3 unknown.
Seventeen (61%) children had no other associated medical diagnoses. Four patients had CHARGE association (coloboma of the eye, heart defects, atresia of the choanae, renal anomalies, genital hypoplasia, ear anomalies), four had significant psychomotor retardation-developmental delay, two were postmeningitic, one had branchio-oto-renal (BOR) syndrome, and one had attention deficit/hyperactivity disorder (ADHD). All patients with CHARGE association had absence of all SCCs and some degree of vestibule dysplasia. The child with BOR had isolated CH with a normal vestibular apparatus. In addition, auditory neuropathy and the presence of extra chromosome 7 material were diagnosed in one patient.
Surgical Findings and Postoperative Complications
All patients underwent a successful transmastoid, intact canal wall approach to cochlear implantation. In two children with CCs, a labyrinthotomy approach was performed. 25 Twenty-five (89%) of the 28 implants were full electrode insertions. In three (11%) patients with incomplete insertions, CH was diagnosed with preoperative HRCT. Interestingly, one patient's cochlea received only six electrodes, despite our use of a compressed electrode array. CSF leaks through the cochleostomy were encountered in 6 (21%) of 28 patients. The specific type of inner ear malformation determined by HRCT failed to predict an intraoperative CSF leak because at least one patient in each of the malformation categories had a leak. All CSF leaks were controlled intraoperatively with temporalis muscle plugs or fascia.
Facial nerve anomalies were identified in 9 (32%) of 28 patients and were almost always associated with SCC aplasia or CC. In fact, only one patient with a facial nerve anomaly had a normal vestibular labyrinth. The nerve course in most cases resulted from anterior displacement of the second genu into the region of the oval or round window (Fig. 2, left) . When labyrinthine morphology was relatively well developed, a standard cochleostomy was attempted. In cases where the nerve completely obliterated the region of the round window, the cochleostomy was placed anterior to the facial nerve on the promontory (Fig. 2, right) . One patient with IP had an inadvertent osteotomy of the carotid canal with no adverse effects. Both CC cases had labyrinthotomies performed in the region of the horizontal SCC, above and posterior to the tympanic facial nerve.
Postoperative complications were relatively uncommon. No facial paresis or paralysis was encountered. No postoperative CSF leaks occurred, and no patient required a lumbar drain. There were three patients who required revision surgery: one for electrode extrusion from an IP cochlea, one for facial stimulation in a patient with an anomalous facial nerve, and one for electrode misplacement in a CC. All three patients successfully received reimplants without further operative difficulty.
Facial stimulation was noted in three children, two of which had an anomalous facial nerve. Selective deactivation of electrodes has been successful in controlling the facial stimulation in two of the three patients; however, the third patient underwent revision surgery but remains a nonuser because of intractable facial stimulation.
Programming
Programming these children was sometimes challenging. The type or occurrence of mapping problems was not necessarily predicted by the inner ear anomaly. None of the children with EVA presented any special programming issues. One of the children with IP had the first eight basal electrodes turned off because of facial stimulation. Of the four children with CH, two had no mapping issues; two children had five or more electrodes turned off, and one had high levels, increased pulse width, and facial stimulation. Two of seven children with the constellation of IP, EVA, and a dilated vestibule (i.e., Mondini's malformation) had programming difficulties, including fluctuating current levels, narrow dynamic range, pain, and facial stimulation. In the group of children with partial SCC aplasia, only one had unusual mapping issues, including inconsistent threshold and comfort levels, facial stimulation, and narrow dynamic range. Of the four children with total SCC aplasia, one showed no response to stimulation, and another was extremely difficult to program, with detection seen only at 500 Hz in the sound field. This patient recently has undergone revision implantation, and initial stimulation is pending. The remaining two children with total SCC aplasia are without issues. Both children with CC malformations have high current requirements for mapping changes, but no other special considerations with programming.
Speech Perception
Speech perception testing data are shown in Table I and are categorized by inner ear malformation. Twentyseven (96%) of 28 children use the implant daily, and 17 (61%) of 28 have some available speech perception data.
Of those 11 children without speech perception data available, 3 gained only sound awareness and enhanced communication, whereas the remaining 8 children are relatively short duration users (Ͻ2 years, mean duration of use 7.6 months).
Generally, children with inner ear malformations were slower to develop speech perception than similar children in our program without malformations. Overall, With regard to speech perception abilities, there appeared to be some substantial differences among the various types of inner ear malformations. For instance, children with the constellation of IP, EVA, and a dilated vestibule (i.e., Mondini's malformation), isolated EVA, and partial SCC aplasia do very well, with some degree of open-set speech perception in 12 (86%) of 14 children. In contrast, children in the other malformation categories (total SCC aplasia, isolated IP, CH, and CC) generally perform at a lower level. Of this group of poor performers, 8 (57%) of 14 had the additional diagnosis of either CHARGE association (n ϭ 4) or psychomotor retardationdevelopmental delay (n ϭ 4). Despite this generalization, two children with CH and one child each with CC, total SCC aplasia, and isolated IP developed some closed-set recognition (n ϭ 5, 36%). Three of these children also developed open-set recognition.
DISCUSSION
The current study details the surgical and audiologic outcomes of 28 children with known inner ear malformations who underwent cochlear implantation at one center. The results indicate that cochlear implantation can be safely performed in children with a variety of inner ear malformations. In most cases (89%), a complete electrode insertion can be accomplished. Although intraoperative CSF leaks are not uncommon (21%), they are adequately controlled with cochleostomy packing. Unfortunately, the specific type of inner ear malformation did not predict intraoperative CSF leakage. Facial nerve anomalies were also quite common, occurring in 32% of patients, although no cases of facial nerve injury occurred. In all cases, the second genu was displaced anteriorly in the region of the oval or round window. Moreover, this anomaly was nearly always associated with either SCC aplasia or a CC malformation. Thus, these problems could be predicted with preoperative HRCT. Ultimately, three children required surgical revision for electrode malposition, facial stimulation, or progressive electrode extrusion.
Postoperative facial nerve stimulation has not been widely reported in the literature regarding children with inner ear malformations despite wide reporting of anomalous facial nerve anatomy. This complication was noted in 3 (11%) of 28 patients in this series and in only three other patients in the combined literature. 10, 16 Of these six patients, one with CC, one with total SCC aplasia, one with partial SCC aplasia, and one with cochlear dysplasia (i.e., IP) were identified, and two patients had unspecified malformations. Although no definitive pattern can be drawn from this information, patients with malformed inner ears are clearly at greater risk for facial stimulation than patients without inner ear malformations. In patients with aberrant anatomy, postoperative HRCT imaging to confirm correct electrode placement in the cochlea and exclude migration of the electrode into the internal auditory canal can aid in the diagnosis and management of this difficult complication.
In terms of audiologic performance, 96% of the children use their implant daily. Overall, 46% of children have some degree of open-set speech perception, and 61% have some degree of closed-set speech recognition. Of those children without significant open-or closed-set recognition, the majority are short-term implant users (mean use of 7.6 months), suggesting that these numbers will continue to improve over time. Nevertheless, there remains five children with greater than 2 years of usage that have developed no open-set speech perception. The various types of inner ear malformation also seemed to correlate with good performance. Specifically, children with the constellation of IP, EVA, and a dilated vestibule as well as those with isolated EVA and partial SCC aplasia performed very well, with 86% obtaining some degree of openset speech recognition. Conversely, children with total SCC aplasia, isolated IP, CH, or CC appear to perform at a lower level. However, these results may not be completely dependent on the anatomic inner ear malformation because 57% of these children also had the additional diagnosis of either CHARGE association or psychomotor retardation-developmental delay.
This study more than doubled the number of patients involved compared with the next largest series found in the literature of cochlear implant patients with malformations of the inner ear. In addition, the number of patients with actual performance data presented is also double the number of the combined published literature to date within this complex patient population. The growing body of literature regarding the performance of cochlear implants in patients with inner ear malformations is summarized in Table II . A direct comparison of the published data is difficult among study institutions for several reasons. The individual tests administered to determine open-and closed-set ability vary greatly between institutions. For this study, we examined the most difficult open-(PBK words) and closed-(ESP standard monosyllabic words) set tests; however, the majority of the data in the literature are gathered from the administration of less difficult testing paradigms. To further confound comparisons, many centers do not report the actual test scores (hard data), preferring to categorize their patients as "ϩ" or "-" in regard to a particular test. This obviously does not communicate the same amount of usable information because no sense of poor/good/better/best performance can be estimated. Finally, the testing intervals and duration of device use are not usually reported.
Nevertheless, several interesting conclusions can be drawn from combining the results of this study with the available data in the world literature. First, children with the constellation of IP, EVA, and a dilated vestibule (i.e., Mondini's malformation) perform very well on speech perception testing, with at least 10 (63%) of 16 patients achieving some degree of open-set speech recognition. Children with isolated EVA likewise perform well, with 8 (89%) of 9 achieving open-set recognition. Partial SCC aplasia results are not widely reported in the literature. Our series demonstrates that these children also perform at a high level, with 100% achieving open-set speech recognition.
Children with inner ear malformations that perform poorly appear to do so for a variety of reasons. Isolated abnormalities in cochlear development clearly portend a poor prognosis. Those with isolated IP (i.e., cochlear dysplasia), CH, or CC malformation perform at levels substantially lower than those with the above-mentioned malformations. Specifically, this study and the literature as a whole identified 19 children with isolated IP, of which only 7 (37%) achieved open-set speech perception. Similarly, 3 (27%) of 11 children with CH achieved open-set recognition, and only 3 21 of 14 children with CC malformation achieved open-set perception. One difficulty in generalizing these patients as poor performers is that conditions such as CHARGE association and psychomotor retardation-developmental delay are not often reported in the world literature. As previously mentioned, 57% of our poor performing children carried such diagnoses.
Patients with CHARGE association performed relatively poorly at our study institution. Only one of four patients achieved some closed-set speech recognition. The data extracted from the literature suggest that the patients with CHARGE association may perform better than was our experience, with 44% achieving some open-set ability and 66% achieving at least some closed-set ability. Perhaps the variability in the severity of the CHARGE association is partly responsible for the individual differences observed. In addition, the only patient from our center with no apparent stimulation was found in this malformation category. Unfortunately, this patient did not undergo preoperative magnetic resonance imaging (MRI) to demonstrate the presence of cochlear nerves. There is recent evidence suggesting that patients with CHARGE association are at high risk for absent or hypo- plastic eighth nerves. 26 It is likely that this patient fell into such a category. As a result of this experience, we have transitioned to MRI as the primary imaging modality for pediatric cochlear implant candidates with no demonstrable hearing on preoperative assessment.
CONCLUSION
Children with inner ear malformations can safely receive implants; however, special attention should be paid to the occurrence of intraoperative facial nerve anomalies and CSF leaks through the cochleostomy. Total SCC aplasia and CC present particularly high risks for facial nerve anomaly, and surgical techniques should be modified appropriately. In terms of audiologic performance, children with inner ear malformations may perform very well. Predictors of good performance include the constellation of IP, EVA, and a dilated vestibule (i.e., Mondini's malformation), isolated EVA, and partial SCC aplasia. In contrast, poor performance is not as easily predicted by inner ear malformation. Children with other cochlear dysmorphology frequently have associated diagnoses such as CHARGE association and psychomotor retardation-developmental delay, which makes an understanding of the etiology of their poor performance less clear.
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